A crawl space foundation is widely used in buildings and detached houses in northern countries. The relative humidity (RH) of the air in crawl spaces is the most critical factor of the mould growth in the structures of a crawl space. The objective of the study was to find out whether heating is a feasible alternative for crawl space moisture control with reasonably low energy consumption. The effects of summer heating in an outdoor air-ventilated crawl space with different ground covers and air change rates were simulated in this study. The simulations were carried out for an apartment building and a detached house. The effects of the control strategy, heating capacity, air change rate and ground covers on the energy consumption were studied. Mould growth index was used as performance criteria for acceptable conditions in the crawl space. To assess the sensitivity of the main simulation parameters a differential sensitivity analysis (DSA) was used. In the parametric simulations, the used ground covers were lightweight expanded clay aggregate (LWA), crushed stone (CS) and PVC. The control of heating was based on RH controller with the set point between 70 and 80% and a heater with heat output from 2.5 to 10 W/m 2 of crawl space area. It was shown that a thick layer of LWA prevents mould growth even without heating, but the layer with heating still provides lower RH An alternative method for moisture control is to use a ground cover without thermal insulation and heating of the crawl space. This method proved to be a good alternative to control mould growth. The specific energy consumption for heating of the crawl space was roughly the same order of magnitude in the studied apartment building and detached house. Annual specific energy consumption was generally low, within the range of 1.4-3.6 kWh/m 2 of the crawl space area in most of studied cases. The energy consumption rose considerably when a lower set point value of RH was used, consequently the time when the heating is on was the highest when the set point value was lowest. With heating, it was possible to prevent any mould growth, i.e. to keep mould growth index equal to zero. #
Introduction
A crawl space foundation is widely used in buildings and detached houses in northern countries. Due to higher awareness of energy consumption the base floor U-value has decreased today to 0.2 W/(m 2 K), which corresponds approximately 20 cm mineral wool of insulation. The heat losses through base floor are smaller and, thus, a lower base floor U-value leads to a colder crawl space with higher relative humidity (RH). Crawl spaces are typically ventilated with outdoor air but commonly there is a limited amount of ventilation ducts and opening in the foundation walls, and the air change rate is low. As there is often some organic material in the crawl space the conditions for mould growth are favourable. In favourable conditions mould growth can start very quickly. Usually mould growth is noticed first as an unpleasant smell penetrating to the living spaces in the ground floor.
Moisture control in an outdoor air-ventilated crawl space is problematic due to time lag in thermal behaviour of the crawl space. Especially in the summer, the moisture conditions become problematic because the crawl space remains cold and outdoor air is usually warmer and has a higher moisture content than the air in the crawl space. Thus, in such conditions outdoor air can transport net moisture into the crawl space. This can be prevented by reducing the time lag between outdoor air temperature and the crawl space temperature. The time lag is caused by the high heat capacity of the ground soil and foundations. In principle, it can be decreased by increasing the air change rate or decreasing the heat capacity.
In previous studies the following solutions for a crawl space moisture control are recommended:
A thin ground cover, e.g. 10-5 cm lightweight expanded clay aggregate (LWA) and a higher air change rate (2-5 ach) in the summer. In the winter, an air change rate of 0.5 ach is sufficient [1] . A highly insulated crawl space and a low air change rate of about 0.5 ach. For a highly insulated crawl space at least 30 cm LWA or 10 cm expanded polystyrene (EPS) ground cover is needed [2] . Unventilated or warm crawl space without any outdoor air ventilation, which require obviously a very careful insulation work [3, 4] .
According to earlier studies [1, 2, 5] a high risk for mould growth can usually be avoided with a sufficient thermal insulation on the ground. However, even in this case, moisture conditions may become problematic if the summer is exceptionally moist and rainy [1, 5] . These uncertainties show a need for other solutions for moisture control, such as heating of the crawl space which is topic of this study.
The objective of this study is to find out how effectively moisture conditions in an outdoor air-ventilated crawl space can be controlled by means of heating. The principle of this solution is that the air change with outdoor air removes the moisture from crawl space and heating is used to control the RH in the crawl space. The heater is controlled by RH of the crawl space air. The controller switches the heater on when the set point (usually 75% RH) is exceeded. As an earlier study [1] recommends the use of a thermal insulation on the ground surface, all the studied crawl spaces have either moisture or thermal insulation in the ground. Since a wooden material has far higher risk for mould growth, the base floors of studied buildings are wooden. Firstly, the heat output was set constant and the effect of air change was studied. Secondly, the study focused on control strategy of heating and how it affects energy consumption and RH in the crawl space.
Methods
Simulations were carried out for an apartment building and a detached house with previously developed [1, 9] and validated model which was improved with features for heating. The measured data are used to demonstrate the performance of the model. To assess the sensitivity of the main simulation parameters a differential sensitivity analysis (DSA) was used.
The simulation was carried out in an IDA simulation environment [6] , where an RC network model of a crawl space was used. IDA is a modular simulation environment which consists of a neutral model format (NMF) translator, solver and modeller. The solver and the modules are separate, which makes it possible to change the mathematical formula of any component without changing the model description file. Via the translator, the modules can be used in several modular simulation environments. The used computer language for the models is NMF which serves as a readable document of the code as well [7, 8] .
The heat and moisture transfer equations are the same as reported in [1, 9] . Heat transfer is modelled in structures and the ground (conduction, convection, and radiation only between ground and base floor). The model includes also the heat and moisture flows carried by ventilation. The conduction in the ground soil is modelled by means of semicircular heat flow patterns, ''inner section'', ''outer section'', and ''wall 1'' as shown in Fig. 1 . The floor area of the crawl space is divided into two parts: the first meter along the external walls (inner section) and the remainder (outer section) (Fig. 1) . The ground surface in the modelled building was either covered by a PVC sheet, LWA or EPS.
Studied buildings
Simulations to study the effects of various ground covers and heating were carried out for the apartment building and detached house. The U-value of the wooden base floor (apartment building 470 m 2 and detached house 117 m 2 ) was 0.2 W/(m 2 K). The wooden base floor consists of 20 cm mineral wool insulation, the crawl space side of the base floor has a 13 mm fibre board. The simulations were carried out when the ground was covered with a 20 and 30 cm LWA insulation, a 20 cm crushed stone (CS), and a PVC sheet. In all simulated cases, the ground was insulated against frost ( Fig. 1) . Foundations in the apartment building were made from concrete with a 5 cm insulation and in the detached house from LWA bars with a 10 cm insulation (Fig. 2) ; an additional foundation (not shown in Fig. 1 ) was in the middle of the building (0:9 m Â 0:2 m). The air change rate in the simulations was 0.5-1 ach.
The detached house (117 m 2 ) was chosen for more detailed study due to its higher sensitivity for mould growth. The material properties of the ground covers used in the calculations are shown in Table 1 .
Heating was controlled by an on/off-controller. The heat output was 2000 W (4.2 W/m 2 ) in the apartment building and 1000 W (8.5 W/m 2 ) in the detached house. The heater was usually turned on when RH in the crawl space exceeded 75%. The dead band of the control system was 5% (Fig. 3) . To avoid unnecessary energy consumption heating was turned off for the heating season of buildings (from October to 30th April based on Finnish conditions and heating practice).
Validation of the model
The model calculates the temperature and moisture behaviour of the measured crawl space with sufficient accuracy (Fig. 4) . A more detailed description of the model is given in [9] [10] [11] , and the validation of the model is reported in [1] . As the weather data significantly affects the micro climate in the crawl space the weather data of a typical year 1998 was used [1] . To assess the sensitivity of the main parameters used in the simulations a DSA was used. In DSA, the simulation is treated as a black box. In the base case of DSA, input parameters are chosen to give the best approximation of the measured data. Only one input parameter is changed at time for each simulation while the remaining inputs stay fixed at their base case values. One input parameter i is changed to the value of i þ Di, where the Di is the change of input parameter i, and the simulation is repeated. As all the other input parameters are fixed the change in predicted parameter Dp i is, therefore, a direct measure of the effect of the change of the single input parameter. The simulations are repeated as many times as there are uncertain parameters. The effect Dp i of each parameter change to the result is analysed. The underlying assumption in the DSA method is that the effect of an uncertainty is linear over the perturbance. To test the assumption a further simulation with parameter values i À Di is needed. If the magnitude on output parameter is the same but opposite direction, the assumption of the linearity is fulfilled. The total influence Dp tot of I parameters can be calculated from Eq. (1). A more detailed description of the DSA method is given in [12, 13] .
(1) where Dp is the effect of ith parameter change to the simulation output. The sensitivity of four parameters was studied (density Â specific heat capacity, thermal conductivity, thickness of LWA layer, and air change rate). These input parameters were varied in the range of AE30%. First, the best estimate of the parameter was chosen by comparing the measured and calculated results. For example, for air change rate 1.1 ach gave the best estimate. When it was varied between 0.6 and 1.6 ach and the changes in the temperature fulfilled the linearity assumption, the best estimate was between the upper and lower estimates (Fig. 5) .
The bar charts (Figs. 6 and 7) represent average monthly values of the temperature and RH in January and July. The linearity is fulfilled when the positive and negative changes in the input parameters affect the predicted value by a similar amount but in the opposite direction. The bar charts show that the sensitivity in temperature fulfils the linearity assumption, but in RH, only the thickness of LWA ground cover in January fulfils the linearity assumption. Thus, DSA shows that the thickness of LWA cover and air change rate have major influences on the temperature.
Performance criteria
The most important factors causing mould growth in a crawl space are RH, temperature, nutrients and pH. Nutrients and pH are not normally limiting factors as the majority of building materials contain nutrition suitable for moulds; even organic dust is sufficient for mould growth. Normally, the pH is a limiting factor for mould growth only in newly cast concrete. The temperature range of 5-35 8C (optimum 20-25 8C) is suitable for many species of fungi, and the temperature in crawl spaces is nearly always in this range. This leaves RH as the critical factor for mould growth in the crawl spaces. The limit value for RH in crawl spaces is usually considered to be from 75 to 80% [4, [14] [15] [16] [17] . RH and temperature are strongly linked together. The thermal mass of the structures and ground soil affects the temperature behaviour of the crawl space. When the ground is not insulated, the crawl space remains cold during the summer due to the time lag caused by the thermal mass of the massive ground.
As a criterion, to compare the performance of heated and non-heated cases, an equation for mould growth, given in [18] , was used. This equation estimates mould growth with mould growth index M, which can vary between 0 and 6. The value of M ¼ 0 indicates no mould growth, M ¼ 1 some growth can be detected with microscope, M ¼ 3 some mould growth is detected visually, and M ¼ 6 very heavy and dense mould growth covers nearly 100% of the surface. It is not completely clear which value of M is a relevant criterion. Since some mould growth can be detected at M ¼ 1, it is used as a criterion in this study. It was also tested if it is possible to achieve conditions with no mould growth (M ¼ 0).
For varying temperature and humidity conditions Viitanen et al. [18] gives a differential equation for wood (pine and birch): dM dt ¼ 1 7 expðÀ0:68 ln T À 13:9 ln RH þ 0:14W À 0:33SQ þ 66:02Þ (2) where M is the mould growth index, and t is the time calculated in days. The mould growth index illustrates the growth rate. When conditions become unfavourable, the mould growth will slow down and the index M will decrease. The delay of the mould growth caused by low RH (below the critical value of RH) is given in Eq. (2). The time (in days) is defined as a period from the beginning of the dry period t À t 1 : dM dt ¼ À0:032; when t À t 1 6 h 0; when 6 h < t À t 1 24 h À0:016; when t À t 1 > 24 h
In this study, the critical value for RH is considered to be 75%, thus, Eq. (2) should be used when RH <75%. The set point of the humidity control of the air in the crawl space was also RH 75%.
Results

Crawl space conditions with heating
The difference in RH in the summer between the heated and unheated cases are shown in Fig. 8 . In the case of 20 cm CS the RH is on average over 10% higher when the heating is not used. Also, when 30 cm LWA ground cover is used, there is a clear difference in the RH levels. When a PVC ground cover without heating is used, RH rises over 90% in some periods showing ultimate need for moisture control.
Although with the 30 cm LWA cover the RH is higher when the heating is not used, it is still an acceptable solution, since the mould index M is clearly below M ¼ 1 (Fig. 9) . The PVC cover without heating causes mould growth but when the heating is used, the mould index is nearly zero in both cases.
In the apartment building, 20 cm CS without heating provides RH over 80%, nearly 70% of the time in the summer from 1st May to 30th September (Fig. 10, left) . With the 30 cm LWA, the RH exceeds 80%, over 30% of the summer. When the heating is used, RH does not exceed 77.5%, which is the upper value of the controller because of dead band (Fig. 10, left) . In the detached house the crawl space RH is slightly lower, but basically the behaviour is similar as in the crawl space of the apartment building (Fig. 10, right) . PVC ground cover without heating is unacceptable.
Doubling the air change rate from 0.5 to 1.0 m 3 /(h m 2 ) does not cause any changes in RH in the summer in the apartment buildings crawl space if the heating is used (Fig. 11) . The RH is under 77.5%, except in a short period with the PVC ground cover. As the set point of the controller was 75% and the dead band 5%, the heating performs as expected.
When the heating is used there is not any significant difference between air changes 0.5 and 1 m 3 /(h m 2 ) in respect of mould growth (Table 2) . Also the mould indices are very similar in both apartment and detached house. All ground covers are performing well when the heating is used. Thirty centimetre LWA cover has a higher mould growth index when the heating is not used, but it still remains clearly below the critical value (M ¼ 1). Twenty centimetre CS and PVC ground covers definitely need heating to perform well.
Energy consumption of the heating of the crawl space
The results show that a high thermal mass of the ground cover has as significant effect on energy consumption of the crawl space heating. As on/off control is used, energy consumption is directly dependent on the time when the heater is on. In the apartment building the crawl space with 20 cm CS has the heating on very often (Fig. 12, top) . The difference is remarkable compared to a 20 cm LWA cover (Fig. 12, bottom) . The changes in the RH in the crawl space are slow, and the shortest time when the heating is on is approximately 6 h.
For the detached house the performance of heating is basically the same as in the apartment building. However, 20 cm LWA cover needs less heating in the detached house than in the apartment building (Fig. 13, top) .
In the apartment building the heating is used 23-32% of the time from 1st May to 30th September when the ground is covered with 20 cm CS or PVC sheet (Table 3) . When the air change rate is higher the time used for heating is longer as well. Only the PVC cover exceeds the RH value of 77.5% in some percents of time, but all the other covers do not practically exceed the RH value of 77.5% (Table 3) . The time when the heater is on, was shortest when 30 cm LWA with 0.5 m 3 /(h m 2 ) was applied as a ground cover, and it did not exceed the RH value of 77.5%.
In the detached house the heater is used less than in the apartment building (Table 4 ). In the cases of 20 cm CS and PVC both with air change rates of 1 m 3 /(h m 2 ), the time for heating is less than half of that for the apartment building. The time when the value of RH exceeds 77.5% is also short in every case in the detached house ( Table 4) . The specific annual heat energy consumption does not differ much between the apartment building and detached house (Fig. 14) . Suppose, the cases of 20 cm CS and PVC sheet show the highest heat consumption. The lowest heat consumption is less than one third of the highest one. The highest heat energy consumption was with PVC with 1 m 3 / (h m 2 ) and the lowest with 30 cm LWA with 0.5 m 3 /(h m 2 ). The heat consumption is dependent on air change rate and lower air change rate gives lower energy consumption.
Control strategy
The wooden detached house was chosen for more detailed study as it is typical construction in northern countries and has a high sensitivity for mould growth. To determine the effect of the set point value and heat output rate on energy consumption and moisture conditions in the crawl space a further set of simulations were carried out: the set point was varied among 70, 75 and 80%, and the heat output among 2.5, 5 and 10 W/m 2 . The energy consumption rose considerably when the set point of RH was lower (Fig. 15) . At heat output of 5 W/m 2 the energy consumption in the case of RH set point 75% was from 45 to 66% of the energy consumption with the RH set point 70%. Energy consumption was lowest with 30 cm LWA, and the case of 20 cm LWA showed only slightly higher values. The cases of PVC and 20 cm CS consume roughly the same amount of energy.
Consequently, the time used for heating is the highest when the set point of RH is 70% (Fig. 16) . The recommendation of an earlier study [2] to use a 30 cm LWA to prevent high RH seems to be true as with 75% RH set point the heating is switched on only 7% of the time. With a 20 cm LWA cover the heating is on 13% of the time, and with CS and PVC sheet the heating is on roughly 20% of the time.
Even with the lowest set point of RH (70%) and lowest heating power of 2.5 W/m 2 , the RH in the crawl space with 30 cm LWA exceeds the upper limit of the set point of RH (72.5%) only in 3% of the time (Fig. 17) . Although the cases with 20 cm CS and PVC ground cover consumed roughly the same amount of energy, PVC exceeds the RH set value in a significant time period at every RH set value, but 20 cm CS only with the lowest RH set value showing the advantage of the moisture capacity of the ground cover.
Energy consumption, and other key parameters for simulated cases are shown in Table 5 . In respect of preventing mould growth, all the cases are satisfactory. However, if the set point of RH is 80%, the risk for mould growth increases ( Table 5) .
The results (Table 5) show that in some cases the higher heat output rate leads to slightly lower energy consumption. This can be explained by non-linear behaviour of the system and dead band of the controller. Energy consumption is highest (Table 6 ) when the average value of RH of the whole period is lowest and average value of temperature is highest. For example, with PVC ground cover and RH set point of 75%, energy consumption is the highest with heat output of 5 W/m 2 , since in that case RH is 0.6% lower in relation to heat output 2.5 W/m 2 .
Discussion
Earlier studies have recommend the use of ground covers with thermal insulations to prevent the mould growth in crawl spaces. They have also stressed a limited effect of air change rate on moisture control [1, 2] . However, these measures may not be sufficient to keep RH below critical value during critical weather conditions. Weather conditions vary a lot during the year and due to the high thermal capacity of a crawl space the weather of the previous year will affect the conditions as well. It has been shown in [5] that micro climate has an important role in crawl space conditions. It seems that during summers with high humidity the rise of RH cannot be avoided in outdoor air-ventilated crawl spaces. Heating of a crawl space is not often considered to be a solution for moisture control due to its energy consumption. However, this study shows that with a reasonable ground insulation and air change rate the annual specific energy consumption of a heating is low, only about 2-3 kWh/m 2 , which is for example usually about 1% of the energy consumption of a typical residential building [19] .
In the studied crawl spaces, ventilation was used to remove moisture flow evaporated from ground and heating to control RH. The energy consumption which was very low, was slightly dependent on air change rate, but other factors, such as control strategy and thermal properties of ground covers had major influence on the consumed energy.
The accuracy of the simulation model is reasonably good as shown in [1] . The simulated data were compared to the measured data and the difference between measured and calculated data was small. To assess the sensitivity of the main simulation parameters DSA method was used. However, the use of DSA is not straightforward as the underlying assumption of DSA is that the effect of an uncertainty is linear over the perturbance. Still, DSA is widely used since it enables the sensitivity of the programme outputs to input parameter changes to be explored directly [12] . It also permits the total uncertainty in a chosen output due to changes in many inputs. However, the total uncertainty is only strictly correct if the sensitivity to each individual input is independent of the value of the other inputs. This assumption is nevertheless not true for such thermal systems as buildings or crawl spaces. In this study, DSA method was useful in analysing the sensitivity of studied parameters on temperature. The sensitivity results regarding RH did not have any physical meaning as its behaviour in respect of varied parameters was not linear. The most important factors having strongest effect on crawl space thermal behaviour were air change rate and thermal properties of ground cover. The energy consumption of heating did not decrease linearly when the heat output was decreased. The model was validated against the measured data in [1] and it did calculate correctly the changes in RH and temperature. The reason for this unlinearity seems to be the control strategy used, especially the dead band of controller. In many cases, the highest heat output gave slightly lower energy consumption. This seems to be due to a high heat output which can heat up the crawl space fast and then heating is switched off within the range of dead band. In some cases the medium heat output rate gave the highest energy consumption. In these cases, the average RH during the whole heating period was 0.5% lower and temperature about 0.1 8C higher in relation to other heat outputs, which explains the higher energy consumption. However, these differences in energy consumption at varied heat output rates were so small that they do not have any significance in practice.
Conclusion
The RH in an heated outdoor air-ventilated crawl space was significantly lower compared to unheated ones. The RH was over 10% higher in unheated case and it exceeded 90% if the ground cover had no thermal insulation. The advantage of heating was significantly higher if the ground cover had high thermal conductivity. LWA ground cover performed well even without heating. Plastic sheet and CS ground covers absolutely required moisture control and their energy consumption for heating was highest.
To assess the sensitivity of the main simulation parameters on results, a DSA was used. The sensitivity in temperature fulfilled the linearity assumption of the DSA method, but in RH it did not. DSA showed that the thickness of LWA cover and air change rate have major influence on the temperature. It was not possible to apply the DSA method for RH. Specific annual energy consumption for heating a crawl space was generally low, within the range of 1.4-3.6 kWh/ m 2 , in most cases at a set point of 75% RH, and it was roughly the same for the apartment building and detached house.
Energy consumption was strongly dependant on set point of RH. The energy consumption increased considerably when the set point of RH was lowered: 5% lower set point corresponds 30-60% longer heating time. A drop of 5% in the set point of RH to 70% doubled the energy consumption in some cases. The change of heat output from 2.5 to 10 W/ m 2 did not cause any significant effect on energy consumption. Doubling the air change rate increased the energy consumption by 20-60%. This shows that excessively high air change rates should be avoided for example in naturally ventilated crawl spaces, but the range between 0.5 and 1 ach may be considered optimal.
Heating kept the RH very effectively below the set point-the set point was exceeded only during a few hours in 1 year. This applies within all studied heat output range from 2.5 to 10 W/m 2 . The only exception with insufficient heat output was PVC and CS with the RH set value of 70%. In these cases, the set value was exceeded by 15% of operation time with PVC and 9% with CS.
However, heating prevented all mould growth already at the lowest heat output rate of 2.5 W/m 2 . Mould growth index was less than 0.1 in all cases already with the set point of 75% RH.
The results may be formulated as a design guideline for cold climate craw space design: heated crawl space needs heat output rate >2.5 W/m 2 , a controller with set point of 75% RH, and air change rate of 0.5 m 3 /(h m 2 ).
